E2F1 and E2F2 have opposite effects on radiation-induced p53-independent apoptosis in Drosophila  by Wichmann, Anita et al.
Developmental Biology 346 (2010) 80–89
Contents lists available at ScienceDirect
Developmental Biology
j ourna l homepage: www.e lsev ie r.com/deve lopmenta lb io logyE2F1 and E2F2 have opposite effects on radiation-induced p53-independent
apoptosis in Drosophila
Anita Wichmann 1, Lyle Uyetake, Tin Tin Su ⁎
Department of Molecular, Cellular and Developmental Biology, University of Colorado, Boulder, CO 80209-0347, USA⁎ Corresponding author. Department of Molecular,
Biology, University of Colorado, 347 UCB, Boulder, CO 8
492 7744.
E-mail address: Tin.su@colorado.edu (T.T. Su).
1 Current address: Center for Cardiovascular and Me
University Hospital, 41345 Göteborg, Sweden.
0012-1606/$ – see front matter © 2010 Elsevier Inc. A
doi:10.1016/j.ydbio.2010.07.023a b s t r a c ta r t i c l e i n f oArticle history:
Received for publication 16 April 2010
Revised 15 July 2010
Accepted 17 July 2010
Available online 24 July 2010
Keywords:
Drosophila
Radiation
Apoptosis
p53
E2FThe ability of ionizing radiation (IR) to induce apoptosis independent of p53 is crucial for successful therapy
of cancers bearing p53 mutations. p53-independent apoptosis, however, remains poorly understood relative
to p53-dependent apoptosis. IR induces both p53-dependent and p53-independent apoptoses in Drosophila
melanogaster, making studies of both modes of cell death possible in a genetically tractable model. Previous
studies have found that Drosophila E2F proteins are generally pro-death or neutral with regard to p53-
dependent apoptosis. We report here that dE2F1 promotes IR-induced p53-independent apoptosis in larval
imaginal discs. Using transcriptional reporters, we provide evidence that, when p53 is mutated, dE2F1
becomes necessary for the transcriptional induction of the pro-apoptotic gene hid after irradiation. In
contrast, the second E2F homolog, dE2F2, as well as the net E2F activity, which can be depleted by mutating
the common cofactor, dDp, is inhibitory for p53-independent apoptosis. We conclude that p53-dependent
and p53-independent apoptoses show differential reliance on E2F activity in Drosophila.Cellular and Developmental
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In multicellular organisms, apoptosis is important for tissue
homeostasis and for eliminating damaged or abnormal cells. Tumor
suppressor p53 has a well-established role in inducing apoptosis in
response to DNA damage caused by genotoxic agents such as ionizing
radiation (IR). Mutations in p53 and defects in the apoptotic response
are common features of human cancer cells. Loss of functional p53 can
render cancer cells resistant to the therapeutic effects of IR [reviewed
by Cuddihy and Bristow (2004)]. Thus, understanding p53-indepen-
dent pathways that induce apoptosis may be important for treating
p53-deﬁcient tumors.
Transcription factor E2F1 is best known for its role in regulating
the G1/S transition via transcriptional induction of ‘S phase genes’
such as cyclin E and DNA polymerase-α. Overexpression of E2F1 can
also transcriptionally induce pro-apoptotic genes including p73, Apaf-
1 and caspase 3 and is sufﬁcient to induce p53-independent apoptosis
both in cultured mammalian cells and in vivo in mouse testes
(Holmberg et al., 1998; Irwin et al., 2000; Moroni et al., 2001; Nahle et
al., 2002; Shu et al., 2000). It has been difﬁcult to test, however,
whether E2F1 is necessary for p53-independent apoptosis becausemammalian E2F1 is just one member of a large family of proteins that
exhibit functional redundancy [reviewed by DeGregori (2002);
DeGregori and Johnson (2006)]. E2F1, E2F2 and E2F3a are considered
transcriptional activators because they activate the transcription of
E2F target genes such as cyclin E. E2F4 and E2F5 are referred to as
repressor E2Fs because they repress transcription of E2F target genes
when associated with Rb proteins [reviewed by DeGregori and
Johnson (2006)]. E2F6, E2F7 and E2F8 also act as transcriptional
repressors, but they function independent of Rb. E2F1 through E2F6
must dimerize with a cofactor, DP, in order to bind DNA with high
afﬁnity and regulate transcription (Bandara et al., 1993; Milton et al.,
2006; Rogers et al., 1996; Wu et al., 1995; Zhang and Chellappan,
1995). Mammals have 3 DP proteins, DP1, DP2/3 and DP4; whether
the different DP proteins inﬂuence E2F activity differently is not well
understood. Recent studies have revealed that classiﬁcation of E2Fs as
either activators or repressors is overly simplistic and that most E2Fs
can function as both transcriptional activators and repressors
depending on cellular context (Beijersbergen et al., 1994; Ma et al.,
2002; Morris et al., 2000).
Compared to the mammalian E2F family, the Drosophila E2F family
is simpler and includes just dE2F1 and dE2F2. The Drosophila genome
encodes only one DP cofactor, dDP, and both dE2F1 and dE2F2 must
dimerize with dDP in order to bind DNA (Dynlacht et al., 1994; Frolov
et al., 2001). dE2F1 is considered to act primarily as an activator while
dE2F2 acts mainly as a repressor, at least in the G1/S transcription
program (Dynlacht et al., 1994; Frolov et al., 2001; Ohtani and Nevins,
1994). Like mammalian E2F1, dE2F1 plays a role in apoptosis.
Overexpression of dE2F1 induces the expression of pro-apoptotic
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(Asano et al., 1996; Du et al., 1996; Zhou and Steller, 2003). Mutations
in Drosophila ago, a ubiquitin ligase, also result in elevated dE2F1
activity, induction of hid and rpr, and apoptosis (Nicholson et al.,
2009). The role of dE2F1 in IR-induced apoptosis is more complex.
dE2F1 and dDP are pro-apoptotic in most larval cells examined;
mutations in dE2F1 or dDP result in decreased IR-induced apoptosis in
most cells of the eye and wing imaginal discs (Moon et al., 2008,
2005). The exception is the narrow band of cells at the dorsal/ventral
margin of the wing imaginal disc (so-called zone of non-proliferating
cells or ZNC), where dE2F1 and dDP play an anti-apoptotic role (Moon
et al., 2005). dE2F2 mutant wing discs undergo IR-induced apoptosis
normally. Thus, dE2F1/dDP has a pro-apoptotic role in most larval
imaginal disc cells whereas dE2F2 appears to play little or no role in
the process. Since loss of dDP would resemble the loss of all E2F
activities in the cell, the phenotype of dDP mutants suggests that net
E2F activity is normally pro-apoptotic for most cells.
In the studies discussed in the preceding paragraph, apoptosis was
assayed typically at 4 h after exposure to 40 Gy (4000 R) of IR. Under
these conditions, apoptosis is p53-dependent (Brodsky et al., 2000a;
Moon et al., 2008; Ollmann et al., 2000). At longer times after
irradiation, null mutants of Drosophila p53 or its presumptive
activator Chk2 kinase still undergo apoptosis (Wichmann et al.,
2006). Unlike the mammalian p53 family, which consists of p53, p63
and p73, Drosophila has a single p53; as such Drosophila p53 null
mutants are thought to lack all p53 activities. Genetic analysis placed
Chk2 and p53 in a single linear pathway, which allows us to refer to
apoptosis in each mutant as Chk2-/p53-independent apoptosis.
Chk2-/p53-independent apoptosis in larval wing imaginal discs
is detectable at 18 h after exposure to 4000 R of X-rays (i.e. with a
12+ h delay relative to p53-dependent apoptosis) and requires
caspase activity and the pro-apoptotic Smac/DIABLO orthologs. Of the
latter group of proteins, Hid appears to be the key: hid transcript levels
increased in p53 mutants at 18 h after irradiation and mutations in
hid severely reduced p53-independent apoptosis (McNamee
and Brodsky, 2009; Wichmann et al., 2006). The level of IR-induced
p53-independent apoptosis can be further increased by mutations in
grapes (encoding Chk1) or puckered (encoding an inhibitor of
JNK signaling) while the overexpression of puc reduced the level of
p53-independent apoptosis (McNamee and Brodsky, 2009). Thus
Chk1 and JNK signaling negatively and positively regulate the level of
p53-independent apoptosis respectively, but neither seems to be
essential for this mode of cell death. How these or other signaling
pathways result in changes in hid transcription in response to IR and
in the absence of p53 remains to be understood.
We report here that transcription factor dE2F1 is necessary for the
induction of hid transcription and for apoptosis following IR exposure.
The requirement for dE2F1 appears to be to counteract dE2F2; the
removal of both E2F activities using mutations in dDp restores
apoptosis in p53 mutants. Thus, net E2F activity appears to be anti-
death for p53-independent apoptosis. This is in contrast to p53-
dependent apoptosis, where the net E2F activity is mostly pro-death
as discussed earlier. If conserved in mammals, the role of E2F proteins
uncovered by Drosophila studies may have important implications for
radiation therapy of cancers. For example, pharmacological inhibition
of net E2F activity would synergize with radiation to kill p53 mutant
tumor cells whereas it would antagonize apoptosis-induction by
radiation on p53+ tumors.
Results
dE2F1 is required for Chk2-/p53-independent apoptosis
In order to identify genes that regulate IR-induced apoptosis in the
absence of Chk2 and p53, we tested candidates with known roles in
DNA damage responses in different experimental systems. dE2F1 isessential for G1/S transition; de2f1 homozygous null mutants display
severe growth defects and do not progress beyond the 1st larval instar
(Royzman et al., 1997). To study the role of dE2F1 in apoptosis in the
third-instar larval imaginal discs, we used a combination of a partial
loss-of-function allele of de2f1, de2f1i2, together with a null allele,
de2f17172. de2f1i2 results from a premature stop codon predicted to
produce a truncated protein that contains the DNA binding domain
but lacks the Rb-binding or the transcriptional activation domains
(Royzman et al., 1999). de2f17172 results from a P-element insertion
33 nucleotides upstream of the start codon; no dE2F1 protein is
detectable in de2f17172 homozygous embryos (Asano et al., 1996;
Duronio et al., 1995). We generated double mutants of de2f1i2/
de2f17172 with chk2 or p53 and analyzed apoptosis by staining with
the vital dye acridine orange (AO). AO speciﬁcally stains apoptotic, but
not necrotic, cells in Drosophila (Abrams et al., 1993).
We ﬁnd that both chk2, de2f1 and p53, de2f1 double mutants show
little apoptosis compared to chk2 and p53 single mutants at 18 and
24 h after exposure to 4000 R of X-rays, indicating that dE2F1 is
required for Chk2-/p53-independent apoptosis (Fig. 1A, quantiﬁed
in B). The amount of apoptosis seen in the double mutants at these
times is similar to the level seen in un-irradiated controls (compare
with Fig. 2B, “0 h” time point). de2f1 single mutants show robust
apoptosis at similar times (de2f1i2/de2f17172; Fig. 2 shows the 18 h
timepoint). These data suggest that in the presence of p53, de2f1 status
does not matter at these times after irradiation, but in the p53mutant
background, de2f1 becomes necessary for IR-induced apoptosis.A hidNGFP transcriptional reporter is sensitive to p53 and dE2F1 status
We have previously found that Chk2-/p53-independent apopto-
sis is sensitive to the dosage of pro-apoptotic genes, hid, rpr and
grim; heterozygotes of a chromosomal deﬁciency, H99, that remove
the three genes show little or no Chk2-/p53-independent apoptosis
after irradiation (Wichmann et al., 2006). Mutations in hid have a
similar effect, either in the p53 mutant background (McNamee and
Brodsky, 2009), or in the Chk2 mutant background (Fig. 6A and B).
Furthermore, the hid promoter region contains E2F consensus
binding sites and dE2F1 has been shown to bind hid promoter by
ChIP assays in imaginal discs and in S2 cells (Moon et al., 2005;
Tanaka-Matakatsu et al., 2009). For these reasons, we hypothesized
that the requirement for dE2F1 in p53-independent apoptosis could
be explained by its role in the transcriptional regulation of hid. To
test this idea, we used a previously characterized reporter in which
GFP transcription is under the control of a 2 kb fragment of the hid
promoter that spans +16 to −2210 with respect to transcription
start (to be called “hidNGFP reporter”). GFP signal from this reporter
increased 4 h after irradiation with 4000 R, mirroring the transcrip-
tional induction of hid (Tanaka-Matakatsu et al., 2009). Thus the 2 kb
enhancer includes sequences that allow transcriptional induction in
response to IR. The GFP signal remains elevated 24 h after
irradiation, which is consistent with elevated levels of apoptosis at
similar times (Fig. 3A, ‘WT’; (Wichmann et al., 2006)).
We ﬁnd that IR-induced increase in hidNGFP expression is p53-
dependent; there was no discernable increase in GFP after irradiation
when the reporter was in the p53 mutant background (Fig. 3A, ‘p53,’
4 h time point). At 24 h after irradiation, however, an increase in GFP
was detected even in p53 mutants, which is in agreement with the
occurrence of p53-independent apoptosis at such times (Wichmann
et al., 2006). The GFP signal at 24 h after irradiation in p53 mutants is
not as high as in wild type or heterozygous sibling controls (~60%,
quantiﬁed in D). This is again in agreement with the ﬁnding that
induction of apoptosis by IR in p53 mutants is also not as high as in
wild type (Wichmann et al., 2006). Thus, hidNGFP reports not only
p53-dependent hid induction at 4 h after irradiation, but also p53-
independent induction at 24 h after irradiation.
Fig. 1. dE2F1 is required for Chk2-/p53-independent apoptosis. (A) 96- to 125-hour-old feeding stage third-instar larvae were irradiated with 4000 R of X-rays. Imaginal discs were
dissected at various times after irradiation and stained with acridine orange (AO) to detect dead cells. Genotypes are indicated for mnkp6 (chk2), mnkp6;de2f1i2/de2f17172 (chk2,
de2f1), p535A-1-4 (p53), and p535A-1-4, de2f1i2/p535A-1-4, de2f17172 (p53, de2f1). (B) Quantiﬁcation of apoptosis in chk2, de2f1 and p53, de2f1 double mutants. The fractional area of AO
staining in each disc was quantiﬁed for the 18 and 24 h time points using Image J software. Error bars represent SEM. The data are from 13 to 25 discs per genotype per time point.
Asterisks (**) denote a statistically signiﬁcant difference with a p-value of less than 0.01.
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mutants (p53 wild type) at both 4 and 24 h after irradiation (Fig. 3B).
In contrast, in p53 dE2F1 double mutants, induction of hidNGFP by IR
becomes compromised 24 h after irradiation compared to either p53
or dE2F1 single mutants (Fig. 3C, quantiﬁed in D).We conclude that in
the absence of p53, transcription induction from the hid promoter
becomes dependent on dE2F1. Given that hid is required for p53-
independent apoptosis, the role of dE2F1 in transcriptional induction
of hid can explain why p53-independent apoptosis is dependent on
dE2F1.dE2F2 and dDP limit IR-induced apoptosis in the absence of p53
dE2F1 must dimerize with dDP to bind DNA and activate
transcription (Dynlacht et al., 1994; Sawado et al., 1998). dDPmutants
share some phenotypes with de2f1mutants, such as the lack of a G1/S
transcriptional program during embryogenesis and altered pattern of
apoptosis in larval wing discs after IR exposure (Duronio et al., 1998;
Royzman et al., 1997). Therefore, we addressed the role of dDP in p53-
independent apoptosis. Because p53, dDP null double mutants did not
survive to the third larval instar,weused a combinationof ahypomorph,
Fig. 2. Cell death in de2f1, de2f2, and dDP single mutants. (A) 96- to 126-hour-old feeding stage third-instar larvae were irradiated with 4000 R of X-rays. Imaginal discs were
dissected at various times after irradiation and stainedwith acridine orange (AO) to detect dead cells. Genotypes are indicated for wild type (WT), de2f1i2/de2f17172 (de2f1), de2f2329/
de2f276Q (de2f2), and dDPa1/dDPa2 (dDP). (B) Quantiﬁcation of cell death in de2f1, de2f2, and dDP single mutants. The fractional area of AO staining in each disc was quantiﬁed using
Image J software. Error bars represent SEM. The data are from 7 to 15 discs per genotype per time point. At 18 h, dDP is statistically different fromWT, de2f1 and de2f2with a p-value
of less than 0.01.
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substitution in the DEF box, which is required for DP/E2F heterodimer-
ization, while dDPa2 contains a premature stop codon in the DEF box
(Royzman et al., 1997).
To our surprise, unlike p53, de2f1 double mutants, p53, dDP double
mutants exhibit robust apoptosis after IR, signiﬁcantly more than
what is seen in p53 single mutants (Fig. 4A, quantiﬁed in B). Apoptosis
in p53, dDP doublemutants commences as early as 6 h after IR, close to
the schedule of p53-dependent apoptosis. Thus, a time delay after
irradiation is not a prerequisite for p53-independent apoptosis. dDP
single mutants also exhibit robust apoptosis at times that are relevant
for p53-independent apoptosis (e.g. 18 h after irradiation, Fig. 2 and
data not shown). Together, these results show that dDP normally
inhibits p53-independent apoptosis.
We ﬁnd that dDP and de2f1mutants behave differently with regard
to p53-independent apoptosis. This difference could be due to
functions of dDP that are independent of dE2F1. dDP can also
associate with the second E2F homolog, dE2F2. Therefore, we
addressed the role of dE2F2 in p53-independent apoptosis. We ﬁnd
that p53, de2f2 double mutants exhibit substantially more apoptosis
20 and 24 h after IR compared to p53 single mutant controls analyzed
concurrently (Fig. 4A, quantiﬁed in C). These results indicate that
dE2F2, like dDP, limits p53-independent apoptosis after IR.
dDp is a cofactor for both dE2F1 and dE2F2. The phenotype of p53
dDp double mutants suggests that IR can induce apoptosis in the
absence of p53 or dE2F activity. To investigate whether thisinduction accompanies changes in hid expression, we used a hidNGFP
reporter in which dE2F/Dp consensus sites have been mutated
(Tanaka-Matakatsu et al., 2009), to be called “hid-mutNGFP reporter.”
We reasoned that the loss of these sequences would mimic that the
loss of all E2F complexes (dE2F1/Dp and dE2F2/Dp) from this site.
GFP expression from this reporter increased at both 4 and 24 h after
exposure to 4000 R of IR in p53 heterozygous background (Fig. 5).
This is consistent with the ﬁnding that in the presence of p53,
apoptosis can occur with or without E2F (Fig. 2). hid-mutNGFP
reporter did not however increase in expression after irradiation in
p53 homozygous mutants (Fig. 5). There are two possible explana-
tions for this ﬁnding. First, p53, E2F/Dp-independent apoptosis may
not accompany hid induction. We know that robust apoptosis can
take place in the absence of both p53 and E2F/Dp (Fig. 4), but we do
not know the genetic basis for it. Alternatively, p53, E2F/Dp-
independent apoptosis may accompany hid induction, but the 2 kb
fragment of the hid promoter used here does not mediate this event.
Given that the hid regulatory region is extensive (Grether et al.,
1995), the latter possibility cannot be ruled out.
Mitotic index and cell death levels do not correlate
As dE2F1 plays a key role in cell cycle regulation, we considered the
possibility that the lack of apoptosis in chk2, de2f1 and p53, de2f1 double
mutantsmightbean indirect result of analtered cell cycleprogression.A
previous work indicates that p53-independent apoptosis may be
Fig. 3. dE2F1 is needed to activate hidNGFP reporter in p53mutants after irradiation. Wing imaginal discs from the 3rd instar larvae irradiated with 0 (−IR) or 4000 R (+IR) of X-rays during the feeding stage were dissected and imaged. (A) All
discs shownwere imaged under identical conditions and the images were processed identically to allow for comparison. The exception is the inset in (c), which shows the disc at 4× exposure to illustrate that there is a GFP-positive disc that is
not visible at the settings used for the other discs. WT=wild type; p53=p535A-1-4 homozygotes. (B) The discs were imaged under identical conditions and the images were processed identically to allow for comparison. de2f1=de2f1i2/
de2f17172;de2f1/TM6=either de2f1i2/TM6 or de2f17172/TM6. The balanced larvae were identiﬁed using the TB marker on TM6 balancer chromosome, and the two alleles of de2f1 could not be differentiated. (C) The discs were imaged under
identical conditions and the images processed identically to allow for comparison. p53, de2f1=p535A-1-4 de2f1i2/p535A-1-4 de2f17172;p53, de2f1/TM6=either p535A-1-4 de2f1i2/TM6 or p535A-1-4 de2f17172/TM6. The balanced larvae were
identiﬁed using the TB marker and the two alleles of de2f1 could not be differentiated. (D) Mean GFP ﬂuorescence of each disc is expressed as a fraction of average GFP ﬂuorescence from TM6 (balancer) sibling controls (see Materials and
methods for details). The average of each population is indicated with a horizontal bar. The data are from 10, 6 and 8 discs respectively from the 24 h time point in two separate experiments. One asterisk (*) denotes a statistically signiﬁcant
difference with a p-value of less than 0.05, and two asterisks (**) denote a p-value of less than 0.01.
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Fig. 4. dE2F2 and dDP limit IR-induced p53-independent apoptosis. (A) 120- to 128-hour-old (p53 and p53, e2f2) or 141- to 152-hour-old (p53, dDp) feeding stage third-instar larvae
were irradiated with 4000 R of X-rays. Imaginal discs were dissected at various times after irradiation and stained with acridine orange (AO) to detect dead cells. Genotypes are
indicated for p535A-1-4 (p53), p535A-1-4;de2f2329 (p53, de2f2) and p535A-1-4;dDPa1/dDPa2 (p53, dDP). (B and C) Quantiﬁcation of apoptosis in p53, dDP and p53, de2f2 double mutants.
The fractional area of AO staining in each disc was quantiﬁed using Image J software. Error bars represent SEM. The data are from 8 to 14 discs per genotype per time point. The data
are depicted separately for p53, e2f2 (A) and p53, dDp (B) because of the variation in the amount of apoptosis in p53 single mutant controls at 20 and 24 h after IR. One asterisk (*)
denotes a statistically signiﬁcant difference with a p-value of less than 0.05, and two asterisks (**) denote a p-value of less than 0.01.
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example, IR-induced apoptosis occurred speciﬁcally during the G2/M
phase of the cell cycle (Merritt et al., 1997). To address this possibility,
we quantiﬁed mitotic cells in chk2, de2f1 and p53, dDP double mutants
before and after IR.
We ﬁnd that wing imaginal discs from chk2 single mutants and
chk2, de2f1 double mutants display similar numbers of mitotic cells
before IR (Fig. 6). At 18 h after IR both chk2, de2f1 double mutants and
p53, dDP double mutants show signiﬁcantly fewer mitotic cells
compared to chk2 or p53 single mutants respectively. At this time
point, chk2, de2f1 double mutants show less apoptosis than chk2
mutants whereas also p53, dDP double mutants show more apoptosis
than p53 mutants. Furthermore, the numbers of mitotic cells in chk2,
de2f1 and p53, dDP double mutants are similar, yet the level of
apoptosis in these double mutants differs signiﬁcantly. Since chk2,
de2f1 and p53, dDP double mutants exhibit similar mitotic proﬁles yet
different levels of apoptosis, altered cell cycle progression alone
cannot account for the reduction of apoptosis in chk2, de2f1 mutants.
In other words, factors other than cell cycle perturbation are needed
to explain why chk2, de2f1 mutants exhibit less apoptosis than chk2
single mutants and why p53, dDP mutants exhibit more apoptosis
than p53 single mutants.Chk2-/p53-independent apoptosis is important for survival and
development after IR
Chk2-/p53-dependent apoptosis is deemed to be important for
culling damaged cells and preserving genetic integrity after radiation
exposure (Brodsky et al., 2000b; Sogame et al., 2003). p53-
independent apoptosis was recently shown to reduce genetic
instability in assays for loss of heterozygosity (LOH) (McNamee and
Brodsky, 2009). Here, we addressed whether p53-independent
apoptosis has a role in the proper development and survival of
organisms. We reasoned that LOH would be more detrimental if the
organism is able to survive and pass it onto the next generation.
Reducing hid gene dosage in chk2 mutants compromises Chk2-/
p53-independent apoptosis in wing imaginal discs (Figs. 7A and B).
Adult wings that result from such mutants show defects in an IR-
dependent manner; 45% of wings show defects in chk2/chk2; hid/TM6
(CyO and TM6 are balancer chromosomes). The reduction of hid
dosage alone did not have as severe an effect (9% in chk2/CyO; hid/
TM6). chk2 homozygosity alone also did not have as severe an effect;
16% of wings from 87 adults of chk2/chk2; Sb/TM6 that were
irradiated as the 3rd instar larvae show defects (Sb is a visible marker
on Chromosome III and serves as a control). The difference between
Fig. 5. Mutations in E2F consensus sites alter the response of hidNGFP to radiation and
p53 status. The 3rd instar larvae were irradiated with 0 (−) or 4000R (+) of X-rays
during the feeding stage. Wing imaginal discs were dissected at either 4 or 24 h after
irradiation and imaged. All were homozygotes for the hid-mutNGFP transgene but were
either homozygous for p535A-1-1 or heterozygous with a balancer chromosome (TM6).
The mean GFP ﬂuorescence of each disc is expressed as a fraction of average GFP
ﬂuorescence from un-irradiated TM6 (balanced) sibling controls (see Materials and
methods for details). The average of each population is indicated with a horizontal bar.
The data are from 6 to 11 discs per sample in two separate experiments. One asterisk (*)
denotes a statistically signiﬁcant difference with a p-value of less than 0.01.
86 A. Wichmann et al. / Developmental Biology 346 (2010) 80–89chk2/chk2; hid/TM6 and either of the controls is statistically
signiﬁcant (pb0.001). The detrimental effect of blocking chk2-/p53-
independent apoptosis was conﬁrmed in the p53 mutant background
(Fig. S1). We used GMR to express caspase inhibitor p35 in eye
imaginal discs of p53 mutants and investigated the effect on eye
development. In p53 mutants, where p53-independent apoptosis
would occur after irradiation, the resulting adult eyes show little
defect. Blocking p53-independent apoptosis with GMRNp35, in
contrast, produced eye deformities in an IR-dependent manner.
Finally, following irradiation, the number of chk2 homozygous
adults (chk2/chk2; hid/TM6) recovered relative to heterozygotes
(chk2/CyO; hid/TM6) was less than the expected Mendelian ratio
(CyO and TM6 are balancer chromosomes). Without irradiation, 180Fig. 6.Mitotic index is similar in chk2, de2f1 and p53, dDP double mutants. 118- to 126-
hour-old feeding stage third-instar larvae were irradiated with 4000 R of X-rays. Wing
discs were dissected at 0 and 18 h after IR, ﬁxed and stained with an antibody to
phospho-histone H3 to detect mitotic cells. The numbers of mitotic cells per wing disc
were quantiﬁed and averaged for 6–9 discs per genotype per time point. Asterisks (**)
denote a statistically signiﬁcant difference with a p-value of less than 0.01. Genotypes
are indicated for mnkp6 (chk2), mnkp6;de2f1i2/de2f17172 (chk2, de2f1), p535A-1-4 (p53)
and p535A-1-4;dDPa1/dDPa2 (p53, dDP).Cy to 92 Cy+adults were recovered, which ﬁts with the expected
2:1 ratio (0.8NpN0.9 by χ2 test). Irradiation of larvae with 3000 R of
X-rays produced 153 Cy to 47 Cy+adults, which deviates
signiﬁcantly from the 2:1 ratio (0.0.001NpN0.01 by χ2 test). We
conclude that the ability to kill cells in a p53-independent (Fig. S1)
or Chk2-independent (Fig. 7) manner is important for proper
development and organism survival after irradiation.
Discussion
We have taken advantage of the relative simplicity of Drosophila
E2F and p53 families to study the role of E2Fs in p53-independent
apoptosis. Our results indicate that Drosophila E2F homologs play
opposing roles in regulating p53-independent apoptosis in response
to IR. We ﬁnd that dE2F1, a homolog of the mammalian “activator”
E2Fs, is required for Chk2-/p53-independent apoptosis, while dE2F2,
a homolog of the mammalian “repressor” E2Fs, limits p53-indepen-
dent apoptosis. The net E2F activity in the cell, reduced by mutations
in dDP, is inhibitory towards p53-independent apoptosis.
One surprising ﬁnding from these studies is that 2 kb of hid
promoter confers IR-induced transcriptional activation in a p53-
dependent manner (Fig. 3). This is surprising because in embryos,
transcriptional activation of hid by IR in a p53-dependent manner
requires the IRER (irradiation responsive enhancer region) that lies
next to rpr, ~200 kb away from hid, and is regulated epigenetically by
histone modiﬁcation (Zhang et al., 2008). Yet, as shown previously,
2 kb of hid promoter is enough to allow IR-induced GFP expression in
eye and wing imaginal discs (Tanaka-Matakatsu et al., 2009). Here we
show that this induction is p53-dependent. Clearly, regulation of hid
by IR is different between embryos and larval discs.
Mammalian p53 consensus is a tandem repeat of 10 nucleotides
with the sequence RRRCWWGYYYwhere R=G/A,W=A/T and Y=T/
C and invariant C and G are shown in bold (Brodsky et al., 2000a).
Drosophila p53 binds to a DNA damage response element at the rpr
locus that differs from the mammalian consensus at one position
shown in lower case; tGACATGTTT GAACAAGTCg (Brodsky et al.,
2000a). Manual examination of 2 kb of hid promoter fragment that
responds to p53 status shows a potential binding sequence at −2006
from the start of hid transcription that deviates from the mammalian
consensus at two positions, and another at−1667 that deviates at three
positions. These are ttGCATGCTC GctCATGTTC and GtGCAAGagT
GtGCTTGaat respectively. Since the consensus for Drosophila p53 has
not been determined, it is possible that either or both of these are
responsible for the effect of p53 on hid-GFP reporter.
The 2 kb hid enhancer includes E2F consensus sequences. Rb has
been shown to repress the expression of hidNGFP reporter when E2F
binding sequences are intact but not when these are mutated
(Tanaka-Matakatsu et al., 2009). That is, E2F binding sites allow for
repression of hid by Rb althoughwhich E2Fmediates this repression is
not known. In any case, our ﬁnding that net E2F activity is inhibitory
towards apoptosis would be consistent with the published result that
Rb inhibits hid expression via E2F consensus sites. We do not know if
dE2F1 plays a permissive role (e.g. by allowing elevated basal
expression of pro-apoptotic genes) or an instructive role (e.g. by
allowing for induction of pro-apoptotic genes by IR), or both. The
results with hidNGFP reporter (e.g. Fig. 3C) are consistent with an
instructive role but do not rule out a permissive role.
In the absence of p53, dE2F1 is needed for the transcriptional
induction of hidNGFP reporter by IR (Fig. 3C). This can explain two
published results: that hid is necessary for IR-induced p53-
independent apoptosis (McNamee and Brodsky, 2009), and that hid
is transcriptionally induced in p53 mutants after a time delay
(Wichmann et al., 2006). Human E2F1 can bind to the promoter of a
hid ortholog, Smac/DIABLO, and can, when ectopically expressed,
activate the transcription of the latter in vivo (Xie et al., 2006). The
role of p53 status in this process or the signiﬁcance of this mode of
Fig. 7. The consequences of blocking Chk2-independent apoptosis. (A) 118- to 128-hour-old feeding stage third-instar larvae were irradiated with 4000 R of X-rays. Imaginal discs
were dissected at various times after irradiation and stained with acridine orange (AO) to detect dead cells. Genotypes are indicated for mnkp6 (chk2) and mnkp6;hid05014/TM6-Tb
(chk2, hid/+). (B) The fractional area of AO staining in each disc was quantiﬁed using Image J software. The data are from 19 to 21 discs per genotype per time point. Asterisks (**)
denote a statistically signiﬁcant difference with a p-value of less than 0.01. (C)Wing defects in adults in three independent experiments are quantiﬁed. Defective wings showmissing
parts as in the examples in the bottom panels. Data shown are from larvae that have been irradiated with 0 (−IR) or 3000 (+IR) R of X-rays. The percent of adults with wing defects
that result from irradiation is signiﬁcantly different between the two genotypes shown (pb0.001, Fisher's exact test). Note that wings from CyO animals had to be un-curled before
imaging, which can introduce wrinkles (e.g. wings in two left panels). CyO and TM6 are balancer chromosomes.
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IR-induced, p53-independent transcriptional activation of Smac/
DIABLO genes may be conserved in mammals.
Previous work has shown that dE2F1 and dE2F2 exhibit antago-
nistic functions, with dE2F1 activating and dE2F2 repressing the
transcription of a reporter containing canonical E2F sites from the
PCNA promoter. dE2F1 and dE2F2 occupy the PCNA promoter and the
ratio of the two E2F proteins inﬂuenced the degree of transcriptional
activation or repression (Frolov et al., 2001). In wild type, PCNA
expression is tightly coupled to the pattern of S phase, in eye imaginal
discs for example. In de2f2 mutants, PCNA is no longer down-
regulated outside pattern of the S phase. The loss of all E2F activities,
either in de2f1, de2f2 double mutants or in dDP single mutants, results
in de-repression of PCNA such that a low but signiﬁcant level is
expressed throughout the cell cycle. Thus the net result of opposingE2F activities is the cyclical expression of PCNA in concert with DNA
replication.
The paradigm of E2F-dependent regulation of PCNA helps us
understand the role of E2F proteins in p53-independent apoptosis.
dE2F1 and dE2F2 might similarly inﬂuence p53-independent apopto-
sis by regulating pro-apoptotic gene(s) such as hid. According to this
model, dE2F2 (with dDp) provides a net repressive activity that
inhibits IR-induced apoptosis. This activity must be operative only in
the absence of p53;dE2F2 mutations that have no effect on apoptosis
when p53 is present (Moon et al., 2005). In p53 mutants, dE2F1
counteracts dE2F2 after irradiation and thus promotes apoptosis.
Disabling transcriptional activation by dE2F1, which is what the allelic
combination de2f1i2/de2f17172 is predicted to cause, would result in
the failure to overcome dE2F2/Dp. Removal of dE2F2 with null alleles,
would result in increased gene expression and more apoptosis.
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allelic combination dDPa1/dDPa2 is predicted to cause, would reduce
dE2F1 and dE2F2 activities simultaneously. Since this results in more
apoptosis, the net E2F activity is inhibitory on apoptosis when p53 is
absent.
This study and published studies in wing imaginal discs (e.g.
Moon et al., 2005) reveal signiﬁcant differences in the effect of E2F/
DP mutations on p53-dependent apoptosis (typically assayed at 4–
6 h post irradiation) and p53-independent apoptosis (18–24 h after
irradiation in p53mutants). The clearest difference is that dE2F2 null
mutations have little or no effect on p53-dependent apoptosis
(Moon et al., 2005), but increase the level of p53-independent
apoptosis (Fig. 4). dDP loss-of-function mutations decrease p53-
dependent apoptosis throughout eye imaginal discs and in most cells
of the wing pouch (Moon et al., 2005, 2008), whereas they increase
the level of p53-independent apoptosis (Fig. 4). In contrast, loss-of-
function mutations in dE2F1 reduced both p53-dependent apoptosis
in most cells of the wing imaginal disc (Moon et al., 2005) and p53-
independent apoptosis in the wing imaginal disc (Fig. 1). These
differences raise the question ‘how does p53 status alter the role of
dE2F2 and dDP in IR-induced apoptosis?’ In the presence of p53,
dE2F2 has little effect and dDP is stimulatory. In the absence of p53,
dE2F2 and dDP play inhibitory roles. Perhaps the occupancy of
transcriptional factors at the target loci such as the hid promoter is
sensitive to p53 status.
In the eye imaginal disc, mutations in ago, a ubiquitin ligase, result
in elevated apoptosis (Nicholson et al., 2009). This mode of cell death
occurs via elevated E2F1 activity, increased expression of hid and rpr
and is independent of apoptosis. Thus, the role of dE2F1 in promoting
p53-independent apoptosis is conserved in another tissue of the
larvae.
Conclusions
Previous studies found that the role of Drosophila E2F transcription
factors in apoptosis is context-dependent and is inﬂuenced by, for
example, whether the cells are in the wing pouch or at the dorsal/
ventral margin of the wing disc and whether apoptosis is induced by
radiation or by the loss of a tumor suppressor homolog, Rb (Moon et
al., 2005, 2008; Tanaka-Matakatsu et al., 2009). The current study
addresses the role of E2F family members in IR-induced p53-
independent apoptosis. The most signiﬁcant ﬁnding here is that
reducing E2F activity, as in the case of dDP mutants, allows p53-null
cells to die following IR exposure. This is in clear contrast to the
ﬁnding that a similar reduction of E2F activity prevents p53 wild type
cells from dying following IR exposure (Moon et al., 2005). Several E2F
antagonists are being considered in cancer therapy (La Thangue and
Bandara, 2002). Our results from Drosophila studies would caution
that p53 status must be considered when using such therapies in
conjunction with radiation treatment. If the ﬁndings in Drosophila
apply to human cancers, an E2F antagonist would help kill p53-
deﬁcient cancer cells following radiation treatment, but would help
p53-wild type cancer cells survive. In addition, an E2F antagonist may
be particularly suitable for combination therapy with radiation to
eradicate p53-deﬁcient tumors because it may sensitize p53-deﬁcient
cancer cells to radiation while protecting p53-wild type somatic cells
from the cell-killing effects of IR.
Materials and methods
Fly stocks
WT ﬂies were of the Sevelin stock. All ﬂy mutants used here have
been described before.mnkp6 (chk2) (Brodsky et al., 2004) and p535A-1-4
(Rong et al., 2002) are null alleles that result from partial deletion of
each gene. de2f1i2 is a hypomorphic allele that contains a prematurestop codon that is predicted to produce a truncated protein that
contains the DNA binding domain, but lacks the Rb-binding and
transcriptional activation region (Royzman et al., 1999). de2f17172 is a
null allele created by a P-element insertion 33 nucleotides upstream of
the start site (Duronio et al., 1995). dDPa1 is a hypomorphic allele due to
R149C mutation in the DEF box, and dDPa2 is a null allele due to a
W173STOPmutation (Royzman et al., 1997). de2f2329 is a null allele due
to a partial deletion of the gene (Cayirlioglu et al., 2001). de2f276Q is a
null allele due to a deletion from−378 bp to the 5th codon of the ORF
(Frolov et al., 2001). hid05014 contains a P-element insertion between
amino acids 105 and 106 (Grether et al., 1995). GMR-p35 is an insertion
on the X chromosome (Hay et al., 1994). hidNGFP and hid-mutNGFP are
insertions on chromosome II (Tanaka-Matakatsu et al., 2009).
Irradiation
Feeding 3rd instar larvae in food were irradiated using a TORREX
X-ray generator, set at 115 kV and 5 mA (producing 2.4 rad/s).
Acridine orange staining
Larvae were dissected in PBS. Imaginal discs were incubated for
2.5 min in PBS+0.5 mM acridine orange (Sigma) at room tempera-
ture, washed once with PBS, mounted in PBS, and imaged immedi-
ately using a Leica DMR ﬂuorescence compound microscope, a
Sensicam CCD camera and Slidebook software (Intelligent Imaging,
Inc.). Acridine orange signal was quantiﬁed using the Image J software
from NIH (http://rsb.info.nih.gov/ij/).
Antibody staining and microscopy
To detect phosphorylated histone H3, larval imaginal discs
were extirpated in PBS, ﬁxed for 20 min in PBTx (PBS with 0.3%
Triton-X) containing 5% formaldehyde and washed 3 times with
PBTx. Samples were incubated 2 h at room temperature (25 °C) or
overnight at 4 °C with a polyclonal anti-phospho histone H3
antibody (pH3; Upstate Biotechnology) diluted to 1:1000 in
blocking solution, which is PBTx+10% Normal Goat Serum.
Following incubation with the pH3 antibody, samples were
washed 3 times with PBTx and incubated 2–4 h at room
temperature with anti-rabbit secondary antibody conjugated to
Rhodamine, diluted to 1:500 in blocking solution (Jackson
ImmunoResearch). Samples were washed 3 times with PBTx,
stained with 10 mg/ml Hoechst33258 in PBTx for 2 min, and
washed 3 times with PBTx before mounting onto slides with
Fluoromount G. Samples were imaged on a Leica DMR ﬂuorescence
microscope using a Sensicam CCD camera and Slidebook software
(Intelligent Imaging, Inc.). Mitotic cells were counted manually.
Images of adult eyes and wings were acquired using an Olympus
dissecting microscope, a CCD camera and SPOT software (Diag-
nostic Instruments), and processed using Photoshop.
Quantiﬁcation of GFP
The discs were stained with Hoechst33432 (live cell permeable
DNA dye; Molecular Probes) and imaged for GFP and for Hoechst.
The images were collected using a Leica DMR ﬂuorescence
compound microscope, 10× objective, a Sensicam CCD camera
and Slidebook software (Intelligent Imaging, Inc.). Images were
converted to TIFF. Mean GFP and mean DNA ﬂuorescence signals
for each disc were quantiﬁed using Image J software from NIH
(http://rsb.info.nih.gov/ij/). The GFP signal was then normalized
to the DNA signal for each disc. This, we found, helped correct for
different extent of ﬂattening of the disc. Normalized GFP signal
was averaged for all discs from TM6 balancer controls for each
genotype. Normalized GFP signal for each experimental disc was
89A. Wichmann et al. / Developmental Biology 346 (2010) 80–89then expressed as a fraction of average TM6 GFP from the same
experiment.
Statistical analysis
Fisher's exact test was used to analyze adult phenotypes in Fig. 6
and Fig. S1. χ2 test was used to determine the signiﬁcance of radiation
survival data. Student's t-test was used to calculate statistical
signiﬁcance of all other data sets.
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